The effect of the rate of loading on the crushing behavior of a single particle was investigated by compression tests on spherical specimens of eight kinds of brittle materials under a wide range of loading rates from 10" * to 109 N/s. It was found that the loading rate affects the crushing behavior of the single particle. A singularity of crushing behavior was also observed under impact loading of duration comparable to the natural period of the specimens. The crushing efficiency was especially at its maximum.
Introduction
According to comminution kinetics, grinding processes can be described using two parameters, namely reports on the theoretical analysis of these parameters. A knowledge of the crushing behavior of single particles, which forms the basis of the study of comminution, is indispensable to the theoretical analysis of these parameters. In this study, the effect of the rate of loading on the crushing behavior of a single particle was investigated by compression tests on spherical specimens of eight kinds of brittle materials over a wide range of loading rates from 10-1 to 109N/s, because it is thought that the rate of loading particles in grinding machines is very widely distributed. It was found that the loading rate affects the crushing behavior of the single particle. A singularity of crushing behavior was also observed under impact loading of duration comparable to the natural period of the specimens. The crushing efficiency was especially at its maximum.
Sample
Eight kinds of brittle materials were used in the experiments. The density, Mohs' hardness, Young's modulus, Poisson's ratio, Bond's work index and mean crystal grain size of these samples were measured and are tabulated in Table 1 . Spherical specimens having a nominal diameter of 2.0cm except for soda glass spheres (1.64cm) were used for the compressiontests. Preparation methods and the precision of these specimens were reported in the previous paper.5) The natural frequency and the natural period of the specimens, obtained by an accoustic method, are also tabulated in Table 1 .
Experimental Apparatus and Procedure
In this study, the loading rates were classified into the following six ranges according to the duration of loading until fracture occurred: (1) Slow rate of loading with a duration of 1 to 2h; (2) Conventional rate of loading with a duration of 1 to 3min; (3) Subhigh rate of loading (I) with a duration of 20 to 30s; (4) Sub-high rate of loading (II) with a duration of 2 to 3s; (5) High rate of loading with a duration of2 to 5ms; (6) Impact loading with a duration of 30 to 160jizs.
Five pieces of equipment were used for the compression tests according to the range of loading rate. For the slow, conventional and sub-high rates of loading, an oil-pressure type of universal testing machine and an Instron type of universal testing machine were used. For the high rate and impact loading, three drop-hammer types of testing machine were used. Anoutline of the drop-hammer type used for the impact loading is illustrated in Fig. 1 .
In the compression tests except for impact loading, load cells and differential transformers were used to measure the load and deformation, respectively. In the compression tests under impact loading, a X-Y recorders and two types of digital memories were used to record the load and deformation according to the range of duration of loading.
The sphere compressive strength Ss which corresponds to the tensile strength was calculated by the following equation, proposed by Hiramatsu et al.4):
where P is the fracture load and d is the diameter of the spherical specimen. The strain energy accumulated in the specimen until fracture occurred ( =frac-ture energy, E) was obtained by a graphic integration of the load-deformation curve up to the breaking point. Newspecific surface area ASwproduced by fracture was calculated by the following relationship: ASw= Sw-Sw0 (2) where Sw is the specific surface area of the fractured products and Sw0 is that of the original specimen. Sw was calculated by the following equation using the 258 result of size analysis of the fractured products by sieving, using a series ofJIS style standard sieves (^/ 2 series);
where/j is the mass fraction of the particles in the i-th size interval, xt is the mean size of that interval, k is the number of intervals and p is the density. The fracture surface energy ye was calculated by the following equation as the ratio of the specific fracture energy E/M to ASw:
where Mis the mass of the specimens. As ye expresses a crushing resistance, the reciprocal of ye expresses the crushing efficiency.
To investigate the variation of particle size distribution of the fractured products with the loading rate, the following Gaudin-Meloy-Harris function2) was applied to the size distribution of the products:
where y is cumulative mass fraction of particles more than size x and q, c2 and c3 are parameters. These parameters were calculated by the method of least squares for non-linear functions1) using the result of size analysis of the products.
Experimental Results
The relationship between the sphere compressive strength Ss and the loading rate v is shown in Fig. 2 . Figure 6 shows the relationship between the fracture surface energy ye and the loading rate. ye of each sample has a tendency to decrease gradually with an increase in loading rate in the lower range of loading rates and abruptly decreases under impact loading.
After the minimumof ye, it abruptly increases again.
Consequently, ye has the lowest value under the impact loading of duration comparable to the natural period of the specimen in the experimental range. The reciprocal of ye expresses the crushing efficiency which has, therefore, the highest value at this loading rate. In general, however, it is difficult to know the rate 
10"1N/s) of loading particles in grinding machines. Therefore, the relationship between the impact velocity of the hammeron the specimen and the rate of loading the specimen, obtained under impact loading, is illustrated in Fig. 7 for borosilicate glass. The solid-line VOL. 20 NO. 3 1987 segments in the figure express the empirical formula relating the impact velocity to the loading rate. A dotted line expresses the theoretical relationship, derived by assuming that the specimen was an elastic sphere and given by the following equation:
where w is the impact velocity of the hammerwhich equals the rate of deformation of the specimen in the loading direction, F is the Young's modulus, v is the Poisson's ratio and the subscript, 1 or 2, expresses the specimen or the loading platen of the hammer. In a strict sense, 7, v and Ss of the specimen vary with the loading rate. For simplicity of calculation, however, the values obtained at the conventional rate of load- ing were used. In Fig. 7 , the theoretical line approximately agrees with the experimental line in the lower range of loading rates. In Table 7 , the empirical formulae between u and v and the theoretical formulae are presented for eight kinds of samples.
Concerning the variation of fractured products' size distribution with the loading rate, the variation of three parameters of the Gaudin-Meloy-Harris function with the loading rate is shown in Fig. 8 for borosilicate glass, quartz and gypsum. The solid lines in the figure express the empirical formulae relating these parameters to the loading rate. These empirical formulae are presented in Table 8 with the applicable Fig. 7 . Relationship between impact velocity of hammer on specimen and loading rate. ranges of loading rate and particle size.
C onclusion
In this study, the variation of sphere compressive strength, specific fracture energy, new specific surface area produced by fracture, and fracture surface energy with the loading rate were investigated by compression tests on spherical specimens of eight kinds of 
